The binding, internalization, and proliferation of Ehrlichia ristcii in P388D1 cells and equine polymorphonuclear (PMN) leukocytes were studied by immunofluorescent staining and flow cytometric analysis. The binding of ehrlichiae to P388D1 cells at 4°C was dose dependent, and the antigens of bound organisms were susceptible to pronase treatment. Additionally, the binding of ehrlichiae to P388D1 cells was diminished when either P388D1 cells or ehrlichiae were treated with 1% paraformaldehyde for 30 min or 0.25% trypsin for 15 min. These results indicate that the ehrlichial ligand and host cell receptor are likely surface proteins.
Members of the tribe Ehrlichieae contain obligate intracellular rickettsial parasites with a tropism for either monocytes/macrophages or granulocytes, but not both cell types (13) . Ehrlichia risticii, the etiologic agent of Potomac horse fever, parasitizes the macrophage and has been shown to proliferate in vitro in the phagosome of a macrophage cell line, P388D1 (19) . Although pivotal to intracellular survival, the component(s) or mechanism(s) involved in adherence to and internalization of E. risticii by the macrophage is unknown.
In this study we examined the binding, internalization, and proliferation of E. risticii in host cells using three lines of investigation. First, we developed a flow cytometric method to evaluate and characterize ehrlichial attachment to the surface of P388D1 cells and ehrlichial internalization and proliferation within the host cell. Second, the mechanism of ehrlichial entry into host cells was examined with microfilament and transglutaminase inhibitors. Third, since E. risticii has not been found in polymorphonuclear (PMN) leukocytes of infected horses (14) , we examined whether E. (GIBCO, Grand Island, N.Y.) supplemented with 10% heatinactivated fetal bovine serum (FBS; GIBCO) and 2 mM L-glutamine (GIBCO).
E. risticii. E. risticii was propagated in the P388D1 cells at 37°C in a humidified atmosphere of 5% CO2 and 95% air, as previously described (11) . The degree of E. risticii infection in P388D1 cells was assessed by Diff-Quik staining (Baxter, Obetz, Ohio) of cytocentrifuged preparations.
Infection of P388D1 cells. P388D1 cells which had reached 90% infectivity with E. risticii were detached by gentle scraping from the bottom of the flask and suspended at a concentration of 106 cells per ml in RPMI 1640. Following sonication at 30 kHz at a setting of 3 for 5 s (Ultrasonic Processor W-380; Heat System, Farmingdale, N.Y.) and centrifugation at 350 x g for 15 min, the supernatant was harvested. The supernatant was centrifuged a second time at 600 x g for 15 min to remove remaining P388D1 cellular debris. E. risticii was pelleted at 10,000 x g for 10 min and resuspended in RPMI 1640 containing 10% FBS and 2 mM L-glutamine. Disruption of the P388D1 cells and the presence of freed E. risticii were confirmed by cytocentrifugation of the sample followed by Diff-Quik staining and light microscopic examination. This procedure is routinely utilized in our laboratory to isolate ehrlichiae from host cells (11 Attachment assay. Isolated ehrlichiae were added to cultures of P388D1 cells as described above and incubated at 4°C for 3 h or at 37°C for 1 h. Unbound ehrlichiae were separated from ehrlichiae attached to P388D1 cells by centrifuging cells through 10 ml of FBS at 200 x g for 5 min at 4°C. Cells were washed once in cold PBS, either treated with 1 mg of pronase per ml in PBS for 10 min at 37°C or left untreated at 4°C, and then fixed at room temperature for 20 min in 1% paraformaldehyde. Immunostaining was performed at room temperature in the absence of saponin.
Trypsin, paraformaldehyde, and heat treatments of E. risticii or host cells. E. risticii isolated from 106 P388D1 cells were pelleted by centrifugation at 10,000 x g for 10 min and either resuspended in 1 ml of RPMI 1640 containing 10% FBS and 2 mM L-glutamine, digested with 1 ml of 0.25% porcine trypsin (GIBCO) for 15 min at room temperature, or reacted with 1 ml of 1% paraformaldehyde for 30 min at room temperature. Suspensions of E. nisticii in RPMI 1640 were incubated at 60°C for 5 or 15 min. Treated E. risticii was washed once with RPMI 1640 containing 10% FBS and 2 mM L-glutamine, pelleted at 10,000 x g for 10 min, and resuspended in 1 ml of RPMI 1640 containing 10% FBS and 2 mM L-glutamine. The samples were overlaid onto confluent monolayers of P388D1 cells in a 25-cm2 tissue culture flask, incubated at 4°C for 3 h. Confluent monolayers of noninfected P388D1 cells in a 25-cm2 tissue culture flask were treated similarly with 0.25% trypsin for 15 min or 1% paraformaldehyde for 30 min, gently detached from the bottom of the flask, and washed twice by centrifugation with RPMI 1640 containing 10% FBS and 2 mM L-glutamine before the cells were incubated with E. risticii at 4°C for 3 h. The binding of untreated ehrlichiae to untreated P388D1 cells was also assessed. All samples were then fixed in 1% paraformaldehyde for 20 min, washed twice with PBS, and immunofluorescently labeled.
Flow cytometry. Fluorescence was measured by flow microfluorometry analysis on an EPICS V 753 flow cytometer (Coulter Corp., Hialeah, Fla.). For each of the fluorescence profiles, experiments were performed in duplicate and 5,000 cells were analyzed. Data were presented as fluorescence profiles, plotting cell frequency as a function of log fluorescence intensity. Mean channel fluorescence of histograms was obtained, and data were analyzed by using Easy 2 Flow Cytometry software (Coulter Corp.). Various controls, including uninfected P388D1 cells and immunostaining with normal horse serum, were run in each experiment. Each experiment was repeated more than three times. Representative histograms of one set of experiments run concurrently are shown in Results.
Statistical analysis. The Kolmogorov-Smirnov test with n, = = 5,000 cells and at a = 0.001 was applied for the analysis of histograms generated by fluorescence flow cytometry (20) . The D critical value was equal to 0.04. When D was greater than the D critical value, these histograms were considered significantly different at the 99.9% confidence level. 
RESULTS
Attachment of E. risticii to P388D1 cells. As shown in Fig.  la , when E. risticii was stained with anti-E. risticii or normal horse serum as the control for immunostaining after fixation with paraformaldehyde in the absence of saponin, significant binding of E. risticii to P388D1 cells was evident after both 4°C incubation for 3 h and 37°C incubation for 1 h. When these cells were treated with pronase before fixation and immunolabeling, there was significant reduction in positively labeled cells to the level or less than the level of the uninfected cells labeled with anti-E. risticii serum or the infected cells labeled with normal horse serum ( Fig. 1 and 2) . Thus, bound ehrlichiae were removed and/or their surface antigens were stripped off by pronase treatment. Most likely bound ehrlichiae were removed, since when pronase-treated cells were further cultured, there was no infection of P388D1 cells (data not shown). Slightly less E. risticii and/or their antigen bound at 37°C was removed by pronase treatment than those bound at 4°C (Fig. lb) . When pronase-treated cells were immunostained in the presence of saponin to observe intracellular ehrlichiae, no significant labeling at 4°C was seen but at 37°C positive labeling of intracellular E. risticii was seen (data not shown). Because (i) at 37°C for 1 h, binding and internalization could not be clearly distinguished because they concurrently occurred, (ii) pronase treatment could not completely remove extracellular E. risticii bound at 37°C, likely because of partial internalization, and (iii) the amount of E. risticii bound at 4°C was not less than that at 37°C, in the following studies E. nisticii binding to P388D1 cells was determined at 4°C.
In Fig. 2 , uninfected P388D1 cells and P388D1 cells incubated with E. risticii at 4°C for 3 h were compared by immunofluorescence. Pronase treatment not only removed E. risticii bound on P388D1 cells but also slightly reduced weak nonspecific immunofluorescent staining of uninfected P388D1 cells (Fig. 2) infected cells with normal serum (data not shown). These nonspecific labelings were so weak that the labelings were not noticeable by immunofluorescence microscopy. Binding of E. risticii to P388D1 cells was dose dependent (Fig. 3) .
Trypsin or paraformaldehyde treatment ofE. risticii or host cells or heat treatment of E. risticii. As shown in Fig. 4 , the attachment of E. risticii to P388D1 cells was partially abrogated by pretreatment of either ehrlichiae or host cells with trypsin or paraformaldehyde. Heat-treated ehrlichiae lost their ability to attach to the host cells (Fig. 5) by flow cytometry of host cell-free E. risticii (data not shown).
Internalization and proliferation of E. risticii in P388D1 cells. As seen in Fig. 6, following 3 (8) . By 96 h the progression of the intracellular proliferation of E. risticii was demonstrable (Fig. 6 ). As shown in Fig. 6 , staining infected cells with anti-E. risticii serum and normal serum demonstrates distinct peaks.
Effects of cytochalasin D and monodansylcadaverine on ehrlichial infectivity. There was no difference in the proliferation of ehrlichiae in P388D1 cells treated with 0.5, 1.0, or 4.0 ,g of cytochalasin D per ml (Table 1) . Compared with those of untreated ehrlichiae, the binding, internalization, and intracellular development of E. risticii assessed by Kolmogorov-Smirnov testing of histograms generated by flow cytometry were not inhibited by cytochalasin D treatment (Fig.  7) . Without treatment, 94% of P388D1 cells ingested latex particles. With 1 and 4 p,g of cytochalasin D per ml, 33 and 11% of P388D1 cells, respectively, phagocytized latex particles. P388D1 cells became round and multinucleated because of inhibition of cytokinesis but not nuclear division by cytochalasin D. Monodansylcadaverine at 250 ,uM had no effect on latex particle uptake by P388D1 cells.
Monodansylcadaverine exhibited a dose-dependent effect on the intracellular proliferation of E. risticii in P388D1 cells ( Table 1 ). The percentage of P388D1 cells infected with E. risticii increased in the absence of this inhibitor, but a 250 pLM concentration of monodansylcadaverine inhibited the intracellular proliferation of ehrlichiae at 48 and 96 h by 75 and 88%, respectively. By Kolmogorov-Smirnov testing of histograms generated by flow cytometry, monodansylcadaverine (250 ,uM) had minimal effects on ehrlichial binding to P388D1 cells compared with that in the untreated control culture (Fig. 8) . However, the agent significantly reduced internalization and subsequent growth of ehrlichiae in the host cell, which was seen as a significant decrease in cells stained at a higher intensity at 48 h than at 3 h of incubation at 37°C (Fig. 8) .
Binding, internalization, and proliferation of E. risticii in equine PMN neutrophils. E. risticii infection was quantified by enumerating organisms in 200 cells on Diff-Quik-stained cytocentrifuged preparations. As seen in Fig. 9 , binding of E. risticii to PMN leukocytes at 4°C was insignificant. However, following 3 h of incubation at 37°C, a significant shift in the fluorescence intensity of the histogram for PMN leukocytes was observed. This shift in fluorescence intensity correlated with the internalization of E. risticii by 86% of the PMN leukocytes as observed by light microscopy (Fig. 10) (14) . Apparently equine PMN leukocytes lack receptors to which E. risticii can bind at 4°C.
The data reported here indicate that the entry of E. risticii into P388D1 cells occurs by a mechanism resistant to cytochalasin D and sensitive to monodansylcadaverine. Cytochalasins are inhibitors of actin filament polymerization and have been used to block phagocytosis of bacterial pathogens by host cells (1, 9) . Monodansylcadaverine is a potent inhibitor of transglutaminase and interferes with receptormediated endocytosis by blocking receptor clustering and recycling (2, 6). These inhibitors have been used to characterize endocytosis and phagocytic mechanisms of entry utilized by rickettsiae and chlamydiae (3, 12, 16, 18) . Like a number of viruses (4) and chlamydiae (15, 16) , E. risticii appears to exploit the process of receptor-mediated endocytosis to provide for its entry into eucaryotic cells and does not involve the microfilament-dependent process of phagocytosis. Whether the uptake of E. risticii by P388D1 cells occurs in coated or uncoated membranes is unknown. The nature of the signal for receptor-mediated endocytosis of E. risticii by the P388D1 cell is not known. However, work in our laboratory (11) suggests that the signal for entry of E. risticii into the macrophage may involve formation of a calcium gradient, since thioglycolate-induced peritoneal macrophages became refractory to E. risticii infection following treatment with the Ca2+ ionophore A23187.
These findings are important in providing the technique for future studies toward identifying the ehrlichial ligand and target cell receptor involved in this attachment, internalization, and survival of ehrlichiae.
